Abstract. Previous research by the authors found simulated acetochlor (with atrazine) and s-metolachlor drift to white oak at the leaf unfolding stage caused loss of interveinal tissues (leaf tatters). Reports of leaf tatters in the landscape and nursery settings are more common on white oak (Quercus alba L.) than on northern red oak (Quercus rubra L.). Our objectives were to determine if white and northern red oak differed in susceptibility to chloroacetanilide herbicides, if injury varied between chloroacetanilide herbicides, and if adding atrazine increased leaf injury. Two-year-old seedlings at the leaf unfolding stage were treated with acetochlor, s-metolachlor, and dimethenamid-P alone or combined with atrazine at 1%, 10%, and 25% of the standard field use rate. Within 6 days, all chloroacetanilides at 10% and 25% field use rates, alone or combined with atrazine, caused leaf tatter injury in both species. Acetochlor, s-metolachlor, and dimethenamid-P caused a similar type of leaf injury. Atrazine did not cause loss of leaf tissues or increase injury from chloroacetanilides. At 1% field use rate, only acetochlor, acetochlor + atrazine, and dimethenamid-P caused leaf injury to northern red oaks. The white oaks were not injured by all of the chloroacetanilide treatments at 1% field use rate. The northern red oaks were slightly more susceptible to chloroacetanilides compared with the white oaks. A second study found acetochlor only injured northern red oak when applied at the leaf unfolding stage and only at 25% of field use rate. Acetochlor at 1% field use rate did not injure red oak. Research is needed to explain the greater frequency of leaf tatters on white oaks than on northern red oaks in the landscape and to develop strategies to avoid tree injury.
Beginning in the early 1980s, there were reports of white oak (Quercus alba L.) leaves losing interveinal tissues throughout the Midwest [Green, 1985; Haugen et al., 2000; Leatherberry et al., 2004 ; Wisconsin Department of Agriculture, Trade and Consumer Protection (WDATCP), 2003]. The first flush of affected white oak leaves in the spring may lose most interveinal tissues, resulting in only the main veins and some residual interveinal tissues (leaf tatters). Leaf tatters can affect a substantial portion of a white oak tree's canopy reducing its overall health, making it susceptible to other stresses and reducing its aesthetic value. The second flush of leaves in late spring is normal but leaf tatters can reoccur over multiple seasons on white oak of all ages. The vegetation surrounding injured white oak trees remains unaffected (J.E. Appleby, personal observation). Our previous study (Samtani et al., 2008) found that white oak seedlings developed leaf tatters after treatment with acetochlor + atrazine or s-metolachlor at the leaf unfolding stage. This article investigates more chloroacetanilide herbicides; determines if atrazine contributes to leaf tatters injury; and compares white and northern red oak injury (Quercus rubra L.).
Acetochlor, s-metolachlor, and dimethenamid-P are commonly used chloroacetanilide herbicides on corn. During 2005, acetochlor, dimethenamid-P, and s-metolachlor were applied to 23%, 4%, and 23%, respectively, of the 76 million acres of planted corn in the 19 program states (U.S. Department of Agriculture, 2006) . Compared with data from a 1995 survey, chloroacetanilide use in corn has remained about the same. In 1995, acetochlor, dimethenamid-P, and s-metolachlor applications were applied on 18%, 3%, and 29%, respectively, of the 64 million acres of planted corn in 17 states included in the survey (U.S. Department of Agriculture, 1996) . Corn acreage treated with alachlor decreased from 8% in 1995 to 1% in 2005. Lack of surveys on the leaf tatters, the growth-stage specificity of the injury on oaks, and the timing of chloroacetanilide applications hinders determining any correlation between leaf tatter injury and acres treated with chloroacetanilides.
In susceptible plants, chloroacetanilides inhibit b-ketoacyl-CoA synthase that adds two carbon units from malonyl-coenzyme A (CoA) to a C18 fatty acid (Lassner et al., 1996; Millar and Kunst, 1997) . Inhibition of b-ketoacyl-CoA synthase depletes very-long chain fatty acids (VLCFA) in susceptible plants. The major site of VLCFA synthesis is in the epidermal cells where they are used for production of waxes that cover the aerial surfaces of plants (Millar and Kunst, 1997; Post-Beittenmiller, 1996) . In oaks, wax deposition occurs during leaf expansion (Neinhuis and Barthlott, 1998; Osborn and Taylor, 1990) , which is consistent with our previous finding that white oak at the leaf unfolding stage is injured by chloroacetanilides.
Within Illinois in 2006, 87% of the corn acreage was treated with atrazine and it is common to use premixes of atrazine with chloroacetanilides for a broader range of weed control (Taylor-Lovell and Wax, 2001 ; U.S. Department of Agriculture, 2006) . In tolerant plants, both atrazine and chloroacetanilide herbicides are rapidly detoxified by conjugation with glutathione (Marrs, 1996; Shukla and Devine, 2006) . In susceptible plants, atrazine may interact with chloroacetanilide herbicides to increase leaf tatter injury. Atrazine also inhibits electron flow through Photosystem II, reducing subsequent carbon assimilation into sugars (Trebst, 2006) . The reduction in primary carbon assimilation could reduce fatty acid synthesis, compounding chloroacetanilide inhibition of VLCFA synthesis. Atrazine has a synergistic interaction with some herbicides such as mesotrione and alachlor, increasing weed injury and control (Akobundu et al., 1975; Bollman et al., 2006) .
In the midwestern United States, the relatively flat topography and intermingling of agricultural fields, natural areas, and residential development contribute to herbicide drift injury. Off-target herbicide movement is between 1% and 10% of field use rates (Al-Khatib and Peterson, 1999; Al-Khatib et al., 2003) . Herbicide drift modifies plant morphology and development, potentially altering species composition and diversity (Boutin, 1999; Freemark and Boutin,1995) . White oak and northern red oak are native to eastern North America from Nova Scotia to Minnesota, Kansas, and Georgia. Northern red oak is a fast-growing tree, withstands air pollution, and is considered one of the best oaks for city plantings (Dirr, 1990) . Although the range of the two species overlap, reports of leaf tatter injury are more common on white than northern red oak. We hypothesized that red oaks are less susceptible to chloroacetanilides than white oak. We also hypothesized that the degree of leaf tatter injury varies among chloroacetanilides. The objectives were to determine if: 1) white and red oak differ in susceptibility to chloroacetanilide herbicides; 2) the amount of injury varies among acetochlor, s-metolachlor, and dimethenamid-P; and 3) atrazine applied with chloroacetanilides increases leaf tatters.
Materials and Methods
Interaction study. Two-year-old white and red oak seedlings (Mason State Nursery, Topeka, IL) were planted in 8.52-L plastic nursery containers and managed as previously described (Samtani et al., 2008) . Seedlings were placed in an outdoor site %3 km from the nearest crop fields. This site was chosen to avoid oak injury from drift of herbicides applied to agricultural fields.
The oaks were spaced at 45 · 45 cm, center to center, in a randomized complete block design with five single-seedling replications, and the experiment was repeated once. The experiment was a four-way factorial with year, species (northern red or white oak), herbicide, and herbicide concentration (1%, 10%, and 25% standard field rate) as independent variables. Acetochlor was applied at 20 (1%), 200 (10%), and 500 (25%) gÁha -1 ; s-metolachlor was applied at 21, 210, and 550 gÁha -1
; and dimethenamid-P was applied at 8, 80, and 200 gÁha -1
. Atrazine was applied at 23, 230, and 575 gÁha -1 alone or combined with chloroacetanilides. The control seedlings were sprayed with water. Seedlings were treated at the leaf unfolding stage on 8 June 2005 for both species and on 5 and 7 June 2006 for red and white oaks, respectively. In 2006, rate of leaf development differed between the two species. A layer of vermiculite was added to the soil surface before spraying and removed immediately afterward to prevent any herbicide absorption by the media. Herbicides were applied in a spray chamber at the Plant Care Facility of the University of Illinois using a compressed air sprayer equipped with a single 80015 EVS nozzle (Spraying Systems, Wheaton, IL) delivering 187 LÁha -1 at 207 kPa. After the spray application dried, oak seedlings were moved back to the outdoor site.
Seedlings were photographed to document injury symptoms and plant recovery at 10, 20, and 82 d after treatment (DAT). The proportion of shoot tissues affected by herbicide injury was visually rated (1 = no injury to 10 = all plant tissues injured). A second rating, specific for early season loss of interveinal tissues (1 = no tatters to 5 = all opening leaves having tatters), was also conducted. The ratings were conducted approximately weekly. The repeated ratings allowed us to determine the rate of injury development, the extent of injury, and the rate of recovery.
Influence of growth stage on red oak injury. Our objective was to determine the effect of growth stage on susceptibility of red oak to chloroacetanilides. Acetochlor was used as a representative chloroacetanilide herbicide because it is widely used; consistently injured oaks in previous studies and all chloroacetanilides tested caused similar injury. Northern red oak seedlings in 2006 were donated by Mason State Nursery (Topeka, IL) and, in 2007, were purchased from Forrest Keeling Nursery (Elsberry, MO). Two-yearold seedlings were planted on 9 June 2006 and 25 Apr. 2007 in 8.52-L nursery containers using the same media and practices as previously described (Samtani et al., 2008) . The experiment was a completely randomized design with five single-seedling replications and was repeated once. Year, concentration, and growth stage were independent variables. Northern red oaks were treated with acetochlor at 0% (untreated control), 1% (20 gÁha . Spray application was allowed to dry and the northern red oaks were moved to the site used in previous studies and spaced as previously described. Weekly visual and leaf tatters injury were determined as previously described. All rating dates are DAT at the leaf unfolding stage.
Data analysis. Visual and tatter ratings at 15, 45, 85 (interaction study), and 90 (growth stage study) DAT were analyzed using the proc mixed procedure in SAS (Release 8.02; SAS Institute Inc., Cary, NC). These dates were chosen to represent early, mid-, and late portions of the growing season. The data were tested for normality of residuals, and in only one instance, the 45 DAT visual ratings for the northern red oak growth stage study, the log 10 (visual + 0.5) transformation was used. Original means with the letters of the transformed data are presented in Figure 2 . The Least Significance Difference test (P = 0.05) was used for mean separation. Letters for mean separation were assigned using a macro ''PDMIX 800'' (Saxton, 1998) . In the interaction study, plant responses to the chloroacetanilide herbicides and atrazine were characterized as additive, synergistic, or antagonistic using the procedure of Colby (1967) . Differences between expected and observed responses were tested using Student's t test (P = 0.05) and significant differences indicated synergism or antagonism.
Results and Discussion
Interaction study. Within 5 to 6 DAT, white and red oak seedlings treated with chloroacetanilide herbicides alone or with atrazine had necrosis (browning) of interveinal leaf tissues. The necrotic leaf tissues later dropped off, resulting in an appearance common for leaf tatters (Fig. 1) . These symptoms were consistent with photographs of leaf tatter injury (Haugen et al., 2000; WDATCP, 2003) and results from our previous study (Samtani et al., 2008) . Unlike field reports of leaf tatters limited only to white oaks, northern red oaks in our study were injured after treatment with chloroacetanilide herbicides (Table 1) .
Atrazine injury symptoms ranged from minor chlorosis or necrotic spots to leaves completely necrotic and wilting. Oak leaf necrosis from atrazine developed more slowly than leaf tatters from chloroacetanilides (15 to 20 DAT versus 5 to 6 DAT, respectively) and the most severe injury was followed by abscission of the oak leaves. Atrazine injury was inconsistent with some plants in the 1% (2005) and 25% (2006) field use rate treatments having severe injury and other plants not injured (Table 2) . Unlike our results, Wong and Romanowski (1968) found a linear response of cucumber to atrazine concentration ranging from slight to severe injury at less than 25 to 224 gÁha -1 atrazine, respectively. The slow development of symptoms and inconsistent atrazine injury to oaks was likely caused by use of tree seedlings and small amounts of absorptive leaf tissues at application.
At 15 DAT, species, chloroacetanilide herbicide and concentration interacted to determine oak visual injury (Table 1) . Proportion of shoot tissues affected and leaf tatter ratings were highly correlated (r = 0.98 and 0.97 for northern red and white oak, respectively) because most visual injury (except atrazine alone) was loss of interveinal tissues. Thus, only the visual injury data are discussed. A comparison of mean separations using Colby's formula (Colby, 1967) found atrazine combined with a chloroacetanilide did not decrease or increase visual or leaf tatter injury compared with chloroacetanilides applied alone. Romanowski (1980) found alachlor combined with atrazine caused a synergistic reduction in tomato (Lycopersicon esculentum Mill.) yield. In our study, atrazine application rates were lower than Romanowski (1980) . Northern red and white oaks were both injured by chloroacetanilides but differed in their response to specific herbicide concentrations. White oak seedlings were not injured (proportion of tissues or tatter ratings) by any chloroacetanilide at the 1% concentration, whereas red oak was injured from acetolchlor, acetochlor + atrazine, and dimethenamid-P at 1% field use rate (Table 1) . At 10% and 25% field rates, all chloroacetanilides caused visual and leaf tatter injury to red oak. Northern red oak developed earlier than white oak; hence, it was treated on 5 June 2006, whereas white oak was treated on 7 June. Although the temperatures were cooler on 5 June (high 28°C and low 13°C) than on 7 June (high 31°C and low 18°C) and high temperatures dropped to 19°C on 10 June (Illinois State Water Survey, 2009), the differences were unlikely to explain the greater injury to red oak. There were differences in white oak injury between specific chloroacetanilides applied at 10% but not the 25% field use rate (Table 1) . S-metolachlor at 10% field use rate without atrazine caused more injury than acetochlor or dimethenamid-P. In our previous study (Samtani et al., 2008) , s-metolachlor and acetochlor + atrazine caused similar amounts of injury to white oak seedlings. Also, chloroacetanilide HORTSCIENCE VOL. 45(4) APRIL 2010 visual ratings of injury to white oak ranged from 1.8 to 5.7 in this study compared with 3 to 7.7 in the previous study. Differences in temperature at the time of treatment and in the duration of the leaf unfolding growth stage could explain dissimilarities in injury between the two studies. The variation between studies illustrates the difficulty in predicting the leaf unfolding stage and may indicate the difficulty farmers would have in timing chloroacetanilide applications to avoid injury to neighboring oaks.
At 45 and 85 DAT, northern red oak and white oak had similar amounts of recovery from chloroacetanilide injury; thus, results in Table 2 were averaged over species. The leaf tatter injury and similar amounts of recovery suggest that northern red oak has a susceptible b-ketoacyl-CoA synthase and does not rapidly metabolize chloroacetanilide during the leaf unfolding stage. The more frequent reports of leaf tatter injury to white oak than red oak may be the result of differences in species distribution and leaf development in the landscape in relation to chloroacetanilide applications. Northern red oaks may not be common near fields treated with chloroacetanilides or the trees may not be in the susceptible leaf unfolding stage when the herbicides are applied.
Year, herbicide, and concentration interacted to determine injury at 45 and 85 DAT (Table 2 ). In 2006, new uninjured leaves were produced before the 45 DAT rating, unlike 2005 when new growth was seen %55 DAT. New uninjured leaves reduced the portion of the plant tissues injured and was consistent with field reports (Haugen et al., 2000; Leatherberry et al., 2004; WDATCP, 2003) and our previous study (Samtani et al., 2008) . 
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acetochlor or s-metolachlor. Bollman et al. (2008) reported that dimethenamid-P injured sugarbeet more than s-metolachlor as a result of reduced and slower translocation.
Overall, the 10% and 25% field use rate of chloroacetanilides caused greater injury than 1% concentration. Other studies found susceptible plants have more injury at higher doses of herbicides (Burke et al., 2005; Ellis et al., 2003) . The concentration dependency of leaf tatters injury suggests that trees further from chloroacetanilide applications would have less injury.
Influence of growth stage on red oak injury. Leaf tatter injury to red oak occurred only at the leaf unfolding stage (Fig. 2) , similar to our results in a previous study with white oak (Samtani et al., 2008) . Acetochlor only injured red oak at 25% but not at 1% of the field use rate. Red oak seedlings treated with acetochlor at the swollen bud and expanded leaf stages were not injured compared with control plants. New leaves produced later in the growing season were not injured. This study confirmed that northern red oak susceptibility is growth stage-dependent, similar to our previous findings with white oak (Samtani et al., 2008) .
Prior research on herbicide drift shows that plant response is usually less severe as herbicide dose is reduced. Other factors such as phenological stage of the plant at the time of exposure, environment, year, or the plant cultivar being tested can affect both the severity and type of injury symptoms. (Olszyk et al., 2004) . There are several ways to minimize herbicide drift to oaks. In the field, applying chloroacetanilide herbicides either before or after the susceptible leaf unfolding stage of oaks could potentially minimize injury, but our research found it difficult to predict the leaf unfolding stage. Buffer zones (6 to 20 m) can reduce chloroacetanilide concentrations below 1% field use rates and protect surrounding nature reserves and other sensitive habitats from drift injury (Marrs et al., 1993) . Landowners concerned about the health and aesthetics of their oaks should communicate with neighboring farmers and make pesticide applicators aware of chloroacetanilide susceptibility of red and white oaks. If oaks are near agricultural fields, we recommend farmers use large droplet sizes, lower boom heights, and add drift inhibitors. Chloroacetanilide applications should be made in the absence of cross winds, when wind speeds are less than 15 kÁh -1 , and be directed away from the trees. The prevalent use of chloroacetanilide herbicides in midwestern corn fields, the lack of prior research, and findings from this study highlight the need of additional research involving drift effects of chloroacetanilides on woody plant materials. Research is also needed to explain the difference in leaf tatters reported in the landscape between the white oak and northern red oak species. ----------------1.9 jk w --------------------------------1.2 k ----------------Atrazine 4.4 c-h 2.7 h-k 2.6 h-k 2.0 jk 1.6 jk 4.0 c-i Acetochlor 2.7 h-k 3.3 e-j 6.8 a 2.3 i-k 2.6 h-k 2.3 i-k Acetochlor + atrazine 3.5 d-j 3.5 d-j 5.1 a-f 2.2 i-k 3.2 f-j 1.6 jk Dimethenamid-P 5.8 a-c 4.8 b-g 6.6 ab 1.9 jk 2.7 h-k 2.2 i-k Dimethenamid-P + atrazine 2.6 h-k 5.2 a-e 5.4 a-d 1.9 jk 2.3 i-k 3.0 g-k S-metolachlor 2.5 h-k 5.3 a-d 7.0 a 1.9 jk 4.8 b-g 2.1 i-k S-metolachlor + atrazine 3.0 g-k 5.6 a-c 5.3 a-d 1.8 jk 2.0 jk 3.5 d-j 85 DAT Control ----------------2.8 h-l --------------------------------1.6 l-----------------Atrazine 5.4 a-c 3.1 f-l 3.3 d-l 3.3 d-l 2.1 j-l 4.5 a-h Acetochlor 3.7 c-k 3.1 f-l 4.8 a-f 2.8 h-l 2.7 i-l 2.8 h-l Acetochlor + atrazine 3.8 c-j 3.2 e-l 5.0 a-d 2.0 kl 4.3 b-i 2.4 j-l Dimethenamid-P 4.6 a-g 4.2 b-i 4.7 a-f 2.2 j-l 3.1 f-l 2.9 g-l Dimethenamid-P + atrazine 2.9 g-l 6.2 a 4.9 a-e 2.4 j-l 2.7 i-l 3.2 e-l S-metolachlor 2.8 h-l 3.3 d-l 5.6 ab 2.2 j-l 4.9 a-e 2.2 j-l S-metolachlor + atrazine 2.7 i-l 4.4 b-i 4.2 b-i 2.0 kl 2.8 h-l 4.7 a-f z Injury visual ratings from 1 = no injury to 10 = all shoot tissues injured. y Results are averaged over species.
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